The photosynthesis-irradiance
Periphyton is an important component of many lotic systems, influencing nutrient and carbon cycling, invertebrate composition, and other aspects of system character and dynamics (Lock et al. 1984; Meyer et al. 1988) . There have been relatively few studies, however, of the photosynthesis-irradiance (P-I) response for intact lotic periphyton communities (Pfeifer and McDiffett 1975; Paul and Duthie 1989) . Periphyton communities are sometimes disrupted and suspended in a water column to measure photosynthesis (e.g. Jasper and Bothwell 1986) , essentially being treated as phytoplankton. Data for disrupted communities, 'however, may not reflect performance under natural conditions (see Jasper and Bothwell 1986) . Further, the P-I responses of attached algae are not necessarily similar to those characteristic of phytoplankton under --- (Porter et al. 1984; Meulemans 1988) In contrast to phytoplankton, periphyton communities have extensive vertical development on a small scale, and cells within the community matrix are densely packed. The physical structure of periphyton alters the environmental conditions within the matrix and influences the growth of cells and their rates of primary production and nutrient uptake (Sand-Jensen 1983; Lock et al. 1984) . For example, increasing cell density adversely influences photosynthesis per cell (Hudon et al. 1987) , and differences in physiological condition may exist among cells near the surface vs. deep within the matrix (Paul and Duthie 1989) . Riber and Wetzel (1987) and Paul et al. (1989) have provid,ed some information on changes in the availability of light and nutrients within the .matrix. The nature and extent of environme:ntal modification by the matrix is not well understood, but likely has important physiological and ecological implications.
As an initial phase of investigations of the relationship of periphyton community characteristics to environmental conditions, we measured the P-Z responses for intact lotic periphyton communities collected during the same season from sites representing differing environmental conditions. Intact communities were used to better represent community performance under natural conditions. These data were used to compare the P-I response of periphyton under different environmental conditions and to make comparisons with data for other attached algae and for phytoplankton.
Materials and methods
Site characteristics-Periphyton was collected from eight sites (Table 1) in streams near Oak Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee (84"18'W, 35"56'N) . Water velocity was measured with a Marsh McBirny 20 1D meter just before the periphyton was collected. Velocity was measured in locations equivalent to within 2 cm of the top of the periphyton by placing the instrument adjacent to bricks to which tiles were attached or in similar positions to minimize flow blockage due to proximity to the bottom. The pH and alkalinity of the water at each site were determined for water samples collected along with the periphyton. Concentrations of soluble molybdatereactive P (SRP), N03-, and NH,+ were measured calorimetrically (Am. Public Health Assoc. 1985) for water samples collected within several days of the periphyton collections. Daily light energy was measured with ozalid light meters (Friend 196 1) . These meters were calibrated with photosynthetically active radiation (PAR) measured with a LiCor model LI-185B integrating quantum radiometer. Five ozalid meters were suspended just above the water surface at each site on a clear day several days before periphyton collection.
Laboratory methods-Periphyton used for the P-I measurements had developed on one of two substrata: ceramic tiles (5.8 cm2) that had been in the stream for 8-10 weeks or small, flat rocks naturally occurring at each site. The tile or rock substrata were located in shallow (lo-30 cm deep) riffles at each site. Tiles and rocks were transported to the laboratory in opaque plastic containers filled with water from the collection site. In the laboratory, five tiles or four rocks were selected randomly and placed into each of six glass incubation chambers containing 900 ml of water from the collection site. The chambers were equipped with submersible pumps that continuously circulated the water so that the mean water velocity in each chamber was -30 cm s-l. The chambers were placed in a large fiber glass water bath to provide temperature control. For each experiment the temperature of the water bath was set within 3°C of that in the streams at the time of periphyton collection.
Overhead light was provided by a 1,000-W metal halide lamp with a frosted bulb. The incubation chambers were covered with neutral-density screening to provide light intensities of 22, 41, 130, 230, 385 , and 1,100 pmol quanta m-2 s-l PAR. After a 15-20-min preincubation, 20 PCi of NaH14C03 was added to each of the seven chambers (six light treatments and a dark control). The tiles or rocks were incubated in the 14C solution for 2 h. They were then taken out and gently rinsed in distilled water to remove excess inorganic 14C. The substrata were then placed individually in 30 ml of DMS0 and left overnight in darkness to extract Chl and incorporated 14C (Palumbo et al. 1987) . A subsample of the DMS0 extract was added to Aquasol liquid scintillation cocktail and its 14C content determined by liquid scintillation spectroscopy. Corrections for quenching were made via the external standard ratio developed from quenched 14C standards. The fraction of added 14C that was incorporated into the periphyton and the total carbon content of the water in the incubation chambers (determined from alkalinity titrations) were used to determine "photoassimilation" as an estimate of photosynthetic C incorporation. The rate of 14C incorporation into periphyton in the dark chamber was used to correct for nonphotosynthetic C incorporation in each experiment.
Subsamples of the DMS0 extract from each substratum were analyzed for Chl a spectrophotometrically via the equations of Jeffrey and Humphrey (1975) . Pheopigment contents were estimated after acidification via the equation of Strickland and Parsons (1972) . The spectrophotometer was calibrated with Chl a standard obtained from Sigma, Inc.
To estimate the upper surface area of the rocks, we carefully covered the part of the rock that had been exposed above the sed- iment with aluminum foil. The weight of the foil needed to cover the exposed surface of the rock was then used to calculate rock surface area based on weight-area relations for the foil. Two estimates of upper surface area were made for each rock and their average used in each case. Parameters of the photosynthetic light response-The hyperbolic tangent function of Jassby and Platt (1976) PS = PSMtanh(al/PS,) was used to describe the relationship between PS and irradiance. In this equation, PS is carbon incorporation (photosynthesis) per unit of Chl a or substratum area, a the initial slope of the P-I curve, I the photon flux density, and PSM the estimated maximal rate of PS. Zk, the light intensity at which photosynthesis is initially saturated, was calculated as P&/CU.
Results
Site characteristics-Sites covering a range of light intensities, water nutrient concentrations, and grazing pressures, but within a geographical region where the water was of a similar, base cation composition, were selected. Sites were similar with respect to water depth and current velocity, but the streamwater N and P concentrations and the algal community composition varied substantially (Table 1) . Two sites, WCK 2.4 and BFK 7.6, were heavily shaded. Site WCK 2.4 was located on White Oak Creek, downstream of ORNL. Although nutrient concentrations were elevated, operations at ORNL apparently had no significant adverse effects on the biota (Oak Ridge Natl. Lab. unpubl. rep.). BFK 7.6, located in a fourth-order reach of Brushy Fork, was an unperturbed, low-nutrient station. Three moderately shaded sites, WCK 3.4, MEK 0.6, and WCK 6.8 were also used as sources of periphyton. Site WCK 3.4 was -1 km upstream of WCK 2.4, -but still downstream of ORNL discharges. The water at site WCK 3.4 was enriched in nutrients from the ORNL sewage treatment plant -50 m upstream of the site. Site MEK 0.6 was located on Melton Branch of the White Oak Creek System, downstream of the high flux isotope reactor at ORNL, and was enriched with N and P. Site WCK 6.8 on a small woodland stream upstream of ORNL was free of major anthropogenic perturbations.
Periphyton from three high-light (opencanopy) sites, EFK 23.2, WCK 3.9, and Hinds Creek were also studied. EFK 23.2 was located on East Fork Poplar Creek, downstream of the Y-12 plant of the Department of Energy, and received nutrientrich discharge water. WCK 3.9 received once-through cooling water enriched with N and P from ORNL. Intermittent chlorine toxicity resulted in an absence of fish and most invertebrates, which coupled with high streamwater nutrient concentrations led to high algal biomass that was almost exclusively nonmotile green unicells (-5-pm diam). Hinds Creek (HC) is a third-order stream passing through an open agricultural area, -42 km east of ORNL. Streamwater in Brushy Fork and Hinds Creek had nutrient concentrations similar to those in other relatively undisturbed streams in agricultural areas of eastern Tennessee.
Photosynthesis-irradiance relationshipsCarbon incorporation by periphyton in the dark chamber ranged from -1 to 20% of incorporation by periphyton at the highest and lowest light levels, respectively. Timecourse studies of 14C incorporation at a midlight level (385 pmol quanta m-2 s-l) showed that the 2-h incubation time was adequate to obtain a constant rate of C incorporation even for communities with high biomass (Hill and Boston in press ). In the following, "photosynthesis" is used to refer to the photoassimilation of inorganic 14C, and Chl a is used as an estimate of algal biomass.
The data for C incorporation and Chl a were expressed per unit of upper surface area of the tile or rock substrata. The tiles had an insignificant amount of chlorophyll on their lower surfaces. We visually examined the rocks and took only those with no apparent chlorophyll on the lower surface.
Tile substrata-At both shaded sites (WCK 2.4 and BFK 7.6) Chl-specific and area-specific PS rates were photoinhibited at the highest light level (1,100 pmol quanta m-2 s-l) (Fig. 1) . For these communities, highest at MEK 0.6 and lowest at WCK 3.4 (Fig. 2) . Although PSChlM was greater for periphyton at MEK 0.6 than for periphyton from WCK 3.4, higher biomass per unit of substratum area at WCK 3.4 resulted in similar rates of PS per unit of area (Fig. 2) . Differences in biomass per unit of area on the tiles incubated at the various light levels account for much of the variability in PSarea at the high levels of light (Fig. 2B) . Moderate PSclll and low biomass resulted in relatively low PSarea for the community from WCK 6.8.
EFK 23.2 and HC received high daily incident PAR (Table 2 ), but streamwater was nutrient-rich at EFK 23.2 and relatively nutrient-poor at HC (Tables 1 and 2 ). Algal biomass was greater at EFK 23.2 than at HC where the algivorous minnow Campostoma re:duced periphyton biomass (Boston and Hill unpubl. data). a and PSM for the the data obtained at 1,100 prnol( quanta m-2 s-l were not used to fit curves to the data, and a linear extrapolation was used between 385 and 1,100 pmol quanta m-2 s-l (dashed line, Fig. 1 ).
The PSChlM for periphyton at sites WCK 2.4 an.d BFK 7.6 were estimated to be 0.68 and 0.64 bg C (pg Chl a)-' h-l (Table 2) . Although PSChlM (maximal rate of PS per unit Chl a) was similar for these communities, higher biomass at WCK 2.4 resulted in a much greater PSareaM (maximum rate of PS per unit of substratum area) (Fig. lB,  Table 2 ). Greater biomass at WCK 2.4 (Table 2) was attributed to higher concentrations of streamwater nutrients at WCK 2.4 and the presence of grazing snails at BFK 7.6 (Boston and Hill unpubl. data).
Sites WCK 3.4, MEK 0.6, and WCK 6.8 were moderately shaded, but gaps in the tree canopy allowed direct sunlight occasionally to reach the streams (Table 2) . PSChlM was EFK 23.2 differed greatly (Fig. 3A) , but I, was high at both sites (Table 2) . Greater algal biomass at EFK 23.2 compared with HC ( 13# vs. 5.2 pg Chl a cm-2) resulted in similar PSarea at both sites (Fig. 3B ). For samples from EFK 23.2, the increase in PSarCa at 1,100 pm01 quanta m-2 s-l compared vvith that at 385 reflected higher biomass (14.4 vs. 17.3 pg cm-2) on the tiles incubated at the higher light level, as well as an increase in PSCh' at the higher light level (Fig. 3) .
Natural rock substrata-When rock substrata were collected on 5 October 1988, the water temperature at WCK 6.8 had decreased by -6OC, but had not changed appreciably at EFK 23.2 from 25 August when the tiles were collected (Table 1 ). The incubation temperature (18.5"C) was similar to the ambient temperature for periphyton from WCK 3.9 and EFK 23.2, but was nearly 8% higher than ambient for periphyton from WCK 6.8.
Periphyton biomass on rocks at EFK 23.2 was higher than found on tiles collected from that site several weeks earlier (Table 2) . At EFK :23.2, PSChl was also greater for periphyton on the rocks than the tiles; thus PSareaM was greater on rock substrata (5 October) than on tiles (25 August) ( Table 2) . This was not expected because PS per unit Table 2 . Parameters for the P-I curves for periphyton communities on tiles or rocks (R). Data for the maximal rate of photosynthesis per unit of Chl [PS ChlM, pg C (pg Chl a)-' h-l] and per unit of area (PSareaM, pg C cm-2 h-l), the initial slope of the P-I curve per unit of Chl [aChl, pg C (pg Chl a)--' (pm01 quanta)-' m-2 s-l] and per unit of area [aarea, pg C cm-2 &mol quanta)-' m-2 s-l], and the light intensity at the onset of photosynthetic saturation per unit of Chl (IkChl, pmoi quanta m-2 s-l) and per unit of area (Ikarea, pmol quanta mA2 s-l) were based on models fitted to the hyperbolic tangent function. For total daily light (mol quanta m-2 d-l), 12 = 5; for biomass (pg Chl a cm-2), n = 24 (for tiles), 30 (for rocks). For all parameter estimates, 1 SE is given in parentheses. of Chl generally decreases with increasing biomass (discussed later). Data for PSChl suggest that PS was not light saturated at 385 pmol quanta rnT2 s-l (Fig. 4) , but variability in the biomass on the rocks incubated at the highest light levels was too high to verify this suggestion. At WCK 6.8, biomass was greater on rocks than it was on tiles (collected several weeks earlier) and PSChl, was lower (Table 2) . Biomass on the rocks from WCK 3.9 was high and PSChlM was low. PSarcaM at WCK 3.9 however was high, reflecting the very high biomass ( Table 2 ). The increase in PSarca between the 385 and 1,100 pmol quanta m-2 sm2 for periphyton from WCK 3.9 reflected slightly higher biomass on the substratum incubated at 1,100 pmol quanta mm2 se2 compared with the samples incubated at 385 (80 vs. 65 pg Chl a cm-2), as well as slightly higher PS Ch1 at 1,100 firno1 quanta m-2 s-l (Fig. 4) . These data indicate that PS by the periphyton from this high-light site was not light saturated at 385 pmol quanta m-2 s-1 .
Comparingperiphyton P-I characteristics among sites -Algal biomass (as pg Chl a cm-2) tended to increase with increasing incident light (Table 2 ), but the correlation was not significant at the 0.05 level (Table  3) . Photosynthesis per unit of substratum area was positively correlated with algal biomass, as expected (Fig. 5) .
The Pearson correlation analysis was used to evaluate the relationships among light, periphyton biomass, and the parameters of the P-I response (Ik, a, and P&I) expressed per unit of Chl a and per unit of substratum area (Table 3) . When the P-Z parameters were expressed per unit of Chl a, light was correlated only with Zk (P = 0.003). Biomass (Chl a) was also correlated with Ik (P = 0.029) and had a weak negative relationship with (x (P = 0.079). PSChlM was strongly and positively correlated with a! (P = 0.004), whereas the relationship of Zk and a was weak and negative (P = 0.076).
When we expressed the P-I responses per unit of substratum area, correlation analysis (Table 3) showed that ambient light was related to Ik (P = 0.039) and PSareaM (P = 0.025). Biomass showed a strong positive correlation with PSareaM (P < 0.00 1) and was also positively correlated with a! (P = 0.039). As for the Chl-specific P-I parameters, Ik and PSI, (area-specific) were positively correlated (P = 0.0 15). We used stepwise multiple regression to evaluate further the relationships among the photosynthetic parameters and to assess the interaction of light and biomass on these parameters. Stepwise regression analyses used log-transformed and nontransformed data with light, biomass, and light x biomass interaction terms as independent variables. In these analyses we considered only the Chl-specific P-I parameters. For Zk, daily light provided the only significant correlation (r2 = 0.69, P = 0.003) (Fig. 6) . This relationship improved only slightly with loglog transformation (r2 = 0.72, P = 0.002). For PSChlM , no single variable was significant (P L 0.05), but daily light and Chl a together accounted for nearly 49% of the variability.
In general, biomass accounted for more of the variability than did light. Effects of grazing, nutrients, and other fac- tors, however, seem to confound the relationship among these parameters. For a, biomass also accounted for more of the variation than did light, but the relationship between biomass and a was not significant. Following log-log transformation, the light x biomass interaction term was significant (r2 = 0.66, P -C 0.005) and negatively related to a!.
Dimmion
The P-I responses of intact stream periphyton communities were measured, and we use Chl-specific PS parameters to explore the relationship between environmental factors and photosynthetic characteristics of iperiphyton and to make comparisons with other primary producer communities. 1983; Falkowski 1984) . Evaluations of biomass (biovolume, cell C)-specific P-I characteristics may also be confounded by changes in cell volume when comparing biomass across taxa. Thus there is probably no one best unit for comparison. Chlorophyll is most commonly used, however, and data for three of the communities used here suggest that expressing P-I per unit of biovolume would not substantially alter our conclusions (Hill and Boston in press) .
General characteristics of P-I relationships--S was inhibited at high light intensities for communities collected from shaded habitats (WCK 2.4 and BFK 7.6) but not for communities from partly shaded (WCK 3.4, MEK 0.6, WCK 6.8) was inhibited only at the highest light level, we did not use the more recent formulation of the hyperbolic tangent curve (Platt et al. 1980) to estimate an inhibition term. For the communities from shaded habitats, ambient light levels (< 100 pm01 quanta m-2 s-l) were generally well below intensities that caused inhibition in the lab, although occasional sunflecks (small areas of direct sunlight passing through gaps in the tree canopy) did expose these organisms for short periods to irradiance levels that caused photoinhibition over the 2-h laboratory incubations. Because photoinhibition is time-dependent (Falkowski 1984) , it is not known whether photoinhibition actually occurs in shaded stream habitats.
Our data also show that PS for communities developing under high-light conditions and having high biomass (EFK 23.2 and WCK 3.9) was not clearly saturated at the maximal irradiances used in these studies. Hornberger et al. (1976) found that community PS (measured by open-system dissolved oxygen change) was not light saturated for an open section of a small river, but rather was a linear function of light intensity. The P-I curves from two of the highlight sites here, while not clearly saturated, show the beginning of saturation at 1,100 pmol quanta m-2 s-l (Figs. 3 and 4) . In general, PSChl decreases with increasing Chl a per unit of area (Pfeifer and McDiffett 1975; Hudon et al. 1987) . Therefore, the increase in PSCh' between the 38 5 and 1,100 pmol quanta me2 s-l light levels, which occurred despite greater average biomass on the tiles, suggests that photosynthesis was not light saturated at 38 5 pmol quanta m-2 s-' . Because we do not have at least two irradiances at which the rate of PS was saturated we cannot determine whether maximal rates of PS (per unit of area or of Chl a) occur at irradiances above or below 1,100 pmol quanta me2 s-l.
PSCh' vs . PSU" -Data from area-specific P vs. I curves are useful for considering periphyton PS in the context of potential energy flow to other trophic levels, modeling stream primary production, and relating PS per unit of Chl a to PS per unit of area for different communities. Maximal PS per unit of area for periphyton from the eight sites ranged from -1.5t020pgCcm-2h-1(Table 2) and was positively, but not linearly, related to biomass, probably due to increasing self-limitation as biomass per unit of area increased.
Estirnates of cx for PSarea (Table 2) generally had lower coefficients of variation (C.V.) than when a was estimated for PSCh*. Variation in biomass per unit of substratum area for replicates from each site probably accounts for this difference. At low irradiance, rnost PS is due to cells in the upper layer of the matrix because cells deeper in the matrix are shaded. Thus, when C uptake is expressed per unit of Chl a, the C uptake rate of the community differs among substrata with differing biomass (i.e. C incorporation is divided by the Chl a present with PS per unit Chl a decreasing as inactive biomass increases). If C uptake is expressed per unit of area, however, its uptake rates (by the 14C method) at low n-radiances will be similar among tiles with differing biomass. Therefore, because cy describes the lightlimited portion of the P-I relationship, and because light enters across a surface area, PSarea provides more accurate predictions of C uptake for replicate samples from a site.
In c,ontrast to CY, the C.V. was smaller for PS, expressed per unit of Chl a than when expressed per unit of area (Table 2) . When irradiance saturates C uptake by cells throughout the community, differences in biomass among samples result in differences in PS per unit of area. Expressing PS per unit of Chl a, however, results in less variation because biomass differences are incorporated into the calculation. Thus, under light-saturated conditions, the PS rate reflects the biochemical capacity (capacity for the dark reactions of PS) and is better related to the biomass.
PSC."' -The range of PScm, reported here (Table ? ) 'was similar to that reported by Jones and Adams (1982) and Meulemans (1988) for epiphyton and by Porter et al. (1984) for zooxanthellae in coral, but Carpenter (198 5) found much higher rates for reefa!lgae. The data reported here are somewhat lower than typically reported for phytoplankton (Perry et al. 198 1; Falkowski 198 1) or for periphyton in suspension (Jasper and Bothwell 1986) . Lower ratios of production to biomass for periphyton in comparison with phytoplankton have also been reported by Paul et al. (1989) .
Parameters of the Chl-specific P-I response for phytoplankton populations have been correlated with light history (Platt and Jassby 1976; Harris 1980 ). Jones and Adams (1982) , Porter et al. (1984) , and Jasper and Bothwell (1986) found a positive correlation between PSChlM and previous light history for attached communities under otherwise similar conditions. We did not find a good correlation, however, between PSCh'M and ambient light for communities from different sites (Fig. 7) . If any trend existed, it tended to be negative. The absence of significance in the negative correlation between PSChlM and light was due largely to a high PSChlM for periphyton at Hinds Creek (site 10, Fig. 7) , a high-light site where grazing limited biomass accumulation (Boston and Hill unpubl. data).
Our results suggest a negative relation between PSCh' M and biomass (Fig. 8) , as has been observed for communities from a single site (Pfeifer and McDiffett 1975; Hudon et al. 1987) . Note also that the high PSChlM for periphyton from Hinds Creek (site 10) is better predicted by the low biomass at that site (due to grazing) than by the high light (Figs. 7 and 8) . The trend toward a negative relationship between PSCh', and light may reflect the positive influence of light on biomass accumulation and the subsequent increased resistance to penetration of light, inorganic C, and nutrients to cells deep within the matrix. A similar decrease in PSChlM would be expected if the P-I response of phytoplankton collected from increasingly greater depths in a stratified water column were integrated to a single water column response (see Falkowski 1980) . Therefore, periphyton communities developing even under high light may have a Chlspecific P-I response similar to what would be expected for phytoplankton under shade conditions because the observed P-I relationship is an integration of the responses for cells adapted to light (upper layers) and shade (lower layers) within the community. For periphyton, biomass is apparently an important, and perhaps dominant, influence on the Chl-specific P-I responses of the community.
Chl-specific production decreases as a function of biomass per unit of area (P:feifer and McDiffett 1975; Hudon et al. 1987 ); therefore, similar PSChlM for the two heavily shaded sites (WCK 2.4 and BFK 7.6) was not expected because biomass was lower at BFK 7.6 than at WCK 2.4 (Table 2) . PSChl, for periphyton on tiles and rocks from WCK 6.8 (moderate light) was also low compared with other sites relative to the biomass present (Fig. 8) . At BFK 7.6 and WCK 6.8 streamwater nutrient concentrations were low and large numbers of snails were present. A positive relationship between nutrient availability and PSChlM has been reported for phytoplankton (Falkowski 198 l) , although Jasper and Bothwell (1986) failed to show a similar relationship for periphyton. We now have information that suggests that low nutrient supply and intense grazing may result in a periphyton community with low biomass-specific photosynthetic, rates (Boston and Hill unpubl. data).
a-The values for a for the communities ranged from 0.8 to 6.4 pg C (mg Chl a)-' (pm01 quanta)-' m-2 s-l. These values were on the low end of the range of values reported for other attached communities (Jones and Adams 1982; Porter et al. 1984; Meulemans 1988) and are lower than reported for phytoplankton (Platt et al. 1980; Perry et al. 198 1) or periphyton in suspension (Jasper and Bothwell 1986) . a! did not correlate well with ambient light but, like PSChlM, decreased with increasing biomass.
There was a strong positive correlation between a and PSCh' M (Table 3 ). The various schemes for light-shade adaptation by phytoplankton suggest that cz! and P&, (expressed per unit of Chl) should not be correlated or should be negatively related (Richardson et al. 1983 ). Data of Porter et al. (1984) for zooxanthellae in coral also show a positive relationship between a and PSCh'N,I. It is difficult to accurately evaluate differences in P-I responses of periphyton communities in terms of light-shade adaptation because the P-I response is confounded by biomass (i.e. a community response) and influenced by other environmental factors. More information about the mechanisms of adaptation to light and shade for different components of the periphyton community may lead to an understanding of the differences in the P-I response of attached vs. planktonic algal communities.
I, -Although we collected periphyton from habitats that ranged from deep shade to almost full sunlight, we found that photosynthesis typically saturated at light intensities that were ~25% of full sunlight. In addition, the range of Ik values among the communities was relatively narrow (N 1 OO-400 hmol quanta mm2 s-l PAR). Other reports for attached communities (Jones and Adams 1982; Jasper and Bothwell 1986; Sand-Jensen and Revsbech 1987) also found that PS saturated at relatively low light intensities. Carpenter (198 5), however, reported Zk values of 742-l) 185 pmol quanta rnB2 s-l for coral reef algal communities. That Zk varied little among the communities studied here was surprising considering the differences in biomass and ambient light. The positive relationship between PSChlM and cx discussed earlier may reflect either the narrow range of Zk observed (constraining (x and PSM) or, conversely, be responsible folr the narrow range of I, (if a and P!& are responding to light in some regular way). Meulemans and Roos (1985) suggested that light availability to cells in the lower layers of periphyton matrices may regulate biomass accumulation by influencing the strength of attachment of the lower layers to the substratum. Because the PS of several of the communities studied here was saturated well below ambient light levels, factors other than light apparently limit biomass accumulation and thus periphyton production. Questions concerning limits on biomass accumulation, resource availability within the matrix, and other factors will have to be resolved before this apparent anomaly is resolved.
Conclusions
Our results suggest that the P-I responses of algal periphyton under light and shade conditions differ substantially from those typically reported for phytoplankton. These differences include the negative relations of both cx and PSChlM to daily integrated light, the importance of biomass as a predictor of P-I responses, a positive correlation between LY and PSChllVl, and the relatively narrow range of Ik for communities from a wide range of ambient light conditions. The differences in P-I responses of periphytic and planktonic communities probably relate to intrinsic differences in environmental conditions in periphytic and planktonic communities: in the former, algae live in matrices where the tight packing of cells strongly influences light attenuation and nutrient availability (Sand-Jensen and Revsbech 1987; Riber and Wetzel 1987; Paul and Duthie 1!989) .
Periphyton community PS apparently reflects the physiology of the assembled species as well as the responses to ambient conditions. Hudon and Bourge t ( 1983) found that vertical structure and community composition responded to light. Further, light transrnission and nutrient cycling within the matrix as well as the inward diffusion of nutrients change with community development (Lock et al. 1984; Paul and Duthie 1989) . Therefore, for periphyton, the external environment influences matrix development, and matrix structure and biotic activity influence the conditions that prevail within the matrix. These factors collectively complicate investigations of periphyton community responses to environmental conditions.
